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Abstract 
Maintenance intervention is necessary for the system and equipment to maintain their operational performance during their 
lifetime. Maintenance and maintenance policy plays an importance role in achieving systems operational effectiveness at 
minimum cost. Accordingly, developing an optimal maintenance strategy to minimize maintenance costs is very important. This 
paper proposes a method to optimize maintenance strategy based on maintenance free operating period (MFOP), where MFOP 
philosophy is originated by the reliability office of the Royal Air Force. Furthermore, the optimal maintenance interval that meets 
the proposed reliability requirement is determined. In summary, the method not only can improve the traditional maintenance 
policies but also reflect the system changing states as components within them age. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In today’s context of global competition, manufacturers are facing greater challenges than ever before. They need 
guarantee the customer that for a specified proportion of the operational time the overall system will not completely 
fail or lose enough functionality such that it cannot carry out all its assigned missions. For example, future military 
aircrafts are required to have the capability of completing long-range combat mission as well as lower life cycle cost 
by minimizing operating, maintenance and support cost. At the same time, future military aircrafts are required to 
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have the capability of quick deployment and the spreading of fighting across several areas. In order to reach his goal, 
Maintenance Free Operating Periods (MFOP) were first proposed by the MOD[1]. MFOP is the period of operation 
during which an item will be able to carry out all its assigned missions, without the operator being restricted in any 
way due to system faults or limitations, with the minimum of maintenance. It is should noticed that an MFOP is not 
defined to contain absolutely no maintenance, rather it is considered that minor actions, such as refueling, rearming 
and repairing important safety related features, will still need to take place. The Committee for Defense Equipment 
Reliability and Maintainability and the Ultra Reliable Aircraft consortia also has given the definition of MFOP. It is 
shown that MFOP is a  period during which the system will operate without failure and without the need for any 
maintenance, however, faults and minor planned, contractually agreed maintenance are permissible[2]. The prime 
objective of maintenance is to ensure which a product can perform its intended functions. Since MFOP has the 
potential that can significantly improve the operational capability and reliability of the product applying it and 
therefore provide a way of better meeting the customer’s needs, many reliability researchers have paid attention to 
it[3,4]. Generally maintenance includes corrective maintenance and preventive maintenance two main types. 
Corrective maintenance is an action that intended to restore the product to its operational state when the product has 
been already failed. Preventive maintenance is an action that performed in order to reduce the likelihood of failures 
and retain product in working state. Preventive maintenance can prevent the possibility of unwanted incidents 
occurring once the product is working. However to realize preventive maintenance not only need systematic 
inspection and detection but also need prevent some incipient failures. The aim of this research is to develop a 
maintenance method during the maintenance recovery period which would ensure the next MFOP and reduce life-
cycle cost of products. 
 
Nomenclature 
MFOP The period during which the system will operate without failure and without the need for any maintenance, 
however, faults and minor planned, contractually agreed maintenance are permissible. 
EM  Evolutionary maintenance(EM) is a maintenance plan that includes corrective maintenance and age based 
preventive maintenance  in which the policy age is adjusted after each MFOP. 
2. Maintenance Free Operating Period 
The concept of maintenance free operating period (MFOP) is not new, it is essentially same as the warranty 
period. What is new is that the operators are considering extending this concept throughout the life of the system. In 
MFOP manufacturer will be asked to guarantee that no unscheduled maintenance activities will be need. In order to 
derive the MFOP with the required level of confidence, we need ensure some units life tracking and increase the 
reliability of unit in product. 
2.1. Advantages 
Increasing consumer interest in their product is the key advantages of introducing MFOP. In this case the primary 
advantages will be linked to improving the purchase and whole life costs of the product or providing operational 
benefits. The main advantages of using MFOP include the predictability of maintenance periods which allows for 
overheads such as manpower and facilities to be used less often and with more planning, with little probability of 
emergency or reactive maintenance. Certainly products need not be available throughout a mission or series of 
missions, saving on costs or allowing for greater flexibility in mission planning. Another cost related benefit of 
using MFOP is making maintenance to be more efficient, by employing more powerful diagnostic tools, or planning 
repairs and spares better. During MFOP details of failures discovered could be transmitted back to the repair facility, 
allowing for spares and manpower to be made available. Overall successful application of MFOP will create a better 
chance of completing a mission and will reduce the time spent in the failed state. 
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2.2. Disadvantages  
While there is much that could be gained from the use of MFOP, there are also potential downsides. For instance, 
MFOP is based on a hierarchy whereby the module of product with the smallest MFOP dictates the MFOP of the 
product. This allows for the most unreliable module of product to be improved, after which the product with the next 
lowest MFOP is improved, and so on. Their eventual quality was poor, as they did not focus on the overall 
reliability of the product but its constituents. This approach therefore has a historical basis to be considered as weak. 
The large level of improvements and technologies that will have to be developed to allow the MFOP concept to be 
successful is very ambitious and will take much time, money and effort to bring about. 
3. Evolutionary maintenance method 
There are many different ideas and technologies that will contribute to prolonged maintenance-free operation of a 
product. These are outlined four main factors[5]. The first factor is inherent reliability, if the components and 
systems have the best reliability, we can ensure the lengthy MFOP that will be required. The second factor is 
prognostic, prognostics systems are considered an important part of the MFOP concept. Prognostics technology can 
draw on information regarding component failure. Using knowledge of physics of failure about product and failure 
time distributions, we can predict the future failure of components by prognostics systems. The third factor is 
diagnostic, diagnostic systems are those which check for and locate current failures in product. Many failures are 
found through inspection by a maintenance engineer. The fourth factor is redundancy or reconfigurability, the 
MFOP concept allows for some units of product to fail as long as the overall product continues operation. Failure 
tolerant units, which involve either redundancy or reconfigurability, will consequently be a key aspect. In order to 
ensure the product MFOP, at the end of each MFOP, a maintenance recovery period (MRP ) is required to restore 
the product to its fully serviceable state. MRP is a period during which the platform is brought back to a state where 
it can fully complete the next MFOP with the required level of confidence. All maintenance, except specific 
activities noted in the customer’s contract, will take place during the MRP. It will consist of inspection, monitoring, 
overhaul or testing. A thorough knowledge of failure and their effect on current and future missions will allow the 
operators to plan what maintenance will be needed at the end of the MFOP. The MRP may get longer as the product 
ages, especially if it is thought to have a non-constant hazard rate. The MFOP should always be quoted as a time 
period with an associated probability of successfully completing that period. This associated probability is defined 
as MFOP Survivability (MFOPS). The mathematics establishes a link between the MFOP and its probability of 
survival. For a system denote the length of MFOP by T , let it has worked i MFOP, then the probability that it will 
survive ( 1)i th MFOP is as follows: 
(( 1) ) 1 (( 1) )(( 1) )
( ) 1 ( )
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For exponential distribution the cumulative distribution function is 
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For Weibull distribution the cumulative distribution function is 
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For a system denote the length of MFOP by T , let it has worked i MFOP, then the probability that it will survive
( 1)i th MFOP is as follows: 
( ) 1 tF t e O 
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It is show that for a unit of product if it failure time obey exponential distribution, it is not needed replacement 
when it does not fail. So in the MRP, we only need replace the unit that has failed. We only can replace the unit 
which failure time does not obey exponential distribution according to the prognostic results. It should be noticed 
that for an aging component, after the first MFOP if it does not fail, then the mean residual life ( )MRL T  at age T
will be greater than the mean time to failure minus T , that is ( ) .MRL T MTTF Tt   
 In order to improve the reliability of units that composed by components that life length is described by an 
exponential distribution, we often use the redundancy technology. Redundancy is defined as the use of additional 
components beyond the number actually required for satisfactory operation of a product for the purpose of 
improving its reliability. In practice, the most common forms of redundancy are parallel, k-out-of-n and standby 
systems. So in this paper we only analyze these utilized as illustrating examples. 
3.1. Parallel systems 
For a system consisting of n units which life length is described by an exponential distribution, in first MFOP, 
                      
1
( ) 1 (1 )j
n
T
j
MFOPS T e O
 
                                              -                        (6) 
Where iO is a parameter in exponential distribution, 1,2, , .i n   
If units are identical, we have 
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Where 0O is a parameter in exponential distribution, 1 2 0.O O O    
Using (1), we can calculate the probability that the system will survive ( 1)i th MFOP. It is  
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3.2.  Consecutive-k-out-of-n G systems 
Consecutive- k -out-of- n G system, or a ( , : )C k n G system for short. It consists of a sequence of n ordered 
components along a line or a circle such that the system is good if and only if at least k consecutive components in 
the system are good [6]. It is assumed that the working time of each component in the product is exponentially 
distributed and every component after repair is ‘as good as new’. 
The state of the product at time t , denoted by ( )N t , may take the following possible values: 
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There are many different realizations of the states of the components that will cause the system to be in a certain 
state. For example when ( )N t =-1 for a circular ( , : )C k n G  system, exactly one component is in the failed state at 
time t  and of course, the system is still in the working state. There are n cases for ( )N t =-1 because each of the n
components in the system may be the single failed component at time t . We can say that the first case of ( )N t =-1 
represents that component 1  is the only failed component while the nth case of ( )N t =-1 indicates that component n
is the only failed component at time t . 
We need to find the probability that the system at working state, define ( ) Pr( ( ) )jp t N t j  , that is the 
probability that product will survive first MFOP is as follows:  
0 1 2 ( )( ) ( ) ( ) ( ) ( )n kMFOPS T p T p T p T p T                                            (9) 
After the first MFOP, the maintenance recovery period would take place. In this time, we first calculate   
      0 1 2 ( )(2 ) (2 ) (2 ) (2 ) (2 )n kMFOPS T p T p T p T p T                                      (10) 
If (2 )MFOPS T satisfies the require, we will not repair the failure components. Otherwise, we will first repair the 
key component. The key component is that if it fails the system will fail. 
3.3. Cold standby systems 
For two identical unit cold standby system, the probability that product will survive first MFOP is as follows: 
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For a system consisting of n units which life length is described by an exponential distribution, in first MFOP, 
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Using (1), we can calculate the probability that the system will survive ( 1)i th MFOP. 
4.  Summary 
The aim of this paper is to develop a maintenance method during the maintenance recovery period which would 
allow an accurate analysis of MFOP with a given confidence level. It is also point out that for redundancy system 
would be more reliable and profitable with corrective maintenance and preventive maintenance during the 
maintenance recovery period rather than to increase reliability of the system. 
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